Locusts are a kind of agricultural pest rich in protein and widely eaten by people, yet, the nutritional and antioxidant activities of locust peptide have never been explored. In the current study, the locust peptides (LPs) were isolated from the Locusta migratoria manilensis (Meyen, 1835) and the anti-aging effects on Caenorhabditis elegans (C. elegans) were evaluated. The mean lifespan of C. elegans was significantly extended using LPs with a concentration of 1.0 mg mL À1 . Out of the 23 peptides, LP-1, a pentapeptide with The-Phe-Lys-His-Gly sequence, with a concentration of 2.5 mg mL À1 significantly extended the lifespan of the worms by 23.5%. Additionally, LP-1 was observed to be a strong free radical-scavenger which can improve the survival of the C. elegans under oxidative stress, thermal stress and UV radiation. Furthermore, the LP-1 can up-regulate the expression of the transcription factor DAF-16 and jnk-1, suggesting that LP-1 may promote the C. elegans lifespan and stress resistance through a JNK-1-DAF-16 pathway. This study will be significant for the development of locusts and improvement of functional insect peptide production.
Introduction
Aging is an inevitable biological process, which can be dened as a progressive decline in physiological capacities accompanied by an increased vulnerability to environmental challenges and aging-related diseases. 1 Reactive oxygen species (ROS) are generated during mitochondrial oxidative metabolism as well as in cellular response to destructive stimuli. 2 Oxidative stress refers to the imbalance due to excess ROS or oxidants over the capability of the cell to mount an effective antioxidant response. 3 Although the exact biological and cellular mechanisms of the aging process are not well understood, a large body of evidence indicates that oxidative stress plays a key role in aging and aging-related diseases. Production of free radicals is an unavoidable process in the course of cellular metabolism. 4 There is evidence that oxidative stress, exerting downstream effects such as lipid peroxidation, DNA damage and mitochondrial impairment, may play a fatal role in senility. 5 Indeed, there are many factors to which the organism is exposed like smoke, microorganisms, or UV radiation, that can induce anti stress responses, leading to the generation of ROS. Some agents such as paraquat, UV-radiation and lipopolysaccharide are usually used to induce oxidative damage and premature aging. 6, 7 In recent years studies have shown that oxidative stress and aging can be counteracted and delayed by protective antioxidant compounds: vitamins, polyphenols and amino acids. As such, the scavenging of detrimental free radicals by antioxidants may alleviate oxidative damage of cells, therefore promoting longevity and preventing aging-related disorders. 8, 9 The Caenorhabditis elegans (C. elegans) is a popular model in aging research because these nematodes decline behaviorally and physiologically with age in a manner similar to that of higher mammals, including humans. At the gene and protein level, C. elegans share up to 80% homology with human genes and a conserved protein network involved in aging. Besides being a biologically relevant aging model, these nematodes are easy to culture and have a short life cycle, allowing for rapid replication of experimental treatments. 10 Moreover, the evolutionary conserved insulin/insulin-like growth factor (IGF-1) signaling (IIS) pathway is one of the well-understood longevity-regulating pathways in animals. In this pathway, the Forkhead box O (FOXO) transcription factors are key players, which are under control of IGF-1 receptors. 11 In C. elegans, the DAF-2 activation would recruit and activate the phosphoinositide 3-kinase/protein kinase B signaling cascade and results in the phosphorylation of DAF-16. Being phosphorylated, DAF-16 is prevented from its nuclear translocation and the induction of gene expression of downstream longevity-promoting genes. 12, 13 Besides the IIS pathway, the Jun-N-terminal kinase-1 (JNK-1) signaling pathway is another important upstream pathway that can regulate the DAF-16 nuclear localization. Once in the nucleus, several proteins cooperate with DAF-16 to modulate downstream gene transcription. Among these coregulators, the heat-shock-factor-1 (HSF-1) acts together with DAF-16 to activate expression of specic genes, such as genes encoding small heat shock proteins, which enhance stress resistance and longevity in C. elegans. 14 Additionally, the p38 mitogen-activated protein kinase (PMK-1), a parallel pathway to DAF-16, also contributes to longevity of C. elegans. 15 There are more than 10 000 species of locusts have been identied and are widely distributed in tropical and subtropical regions. And locusts are notorious as pests harming crops. 16 Although locusts are regarded as a mortal malady of the agriculture. The locust are high nutritional insects which are rich in protein. According to the records of traditional Chinese medicine, the locusts can relieve cough and asthma, and enhance immunity. It is also widely used to treat asthma, sore throat and other diseases. 17 Studies revealed that nutrition components, such as protein, amino acids, mineral elements and vitamins are abundant in locusts. Furthermore, the locusts are a good source of edible protein, which can provide abundant protein and meet the nutritional needs of essential amino acids. Studies reported that the locust is also rich in functional proteins, such as antifreeze protein, storage protein, antimicrobial and antioxidant peptides. 18, 19 Although the antioxidant activities of peptides have been extensively studied, up to now there have been no reports concerning the protein components and identication of locust. Consequently, identifying the bioactive peptides in locust and exploring their effects on human health will be of great value and signicance. To illustrate the health benets of the locust peptides and expand the use in the functional protein production. In this study, a serious of antioxidant peptides were isolated and identied from the locust. We then explored their anti-aging potential using C. elegans. We report here for the rst time that the peptides from locust can signicantly extend the lifespan of C. elegans under normal conditions and promote the survival rates of the C. elegans under oxidative stress. The possible mechanism of lifespan-promoting effects of the locust peptides on C. elegans has also been investigated. This study reports novel anti-aging capabilities of insect peptides isolated from locust and suggests a novel resource for functional peptide development.
Materials and methods

Chemicals and materials
Locusta migratoria manilensis (Meyen, 1835) was acquired from Institute of Plant Protection, Chinese Academy of Agricultural Sciences (Beijing). H 2 DCF-DA (2 0 ,7 0 -dichlorodihydrouorescein diacetate) (Sigma-Aldrich, Shanghai, China) was used as a uorescent probe. Paraquat, was used to induce oxidative stress in nematodes (Sigma-Aldrich, Shanghai, China). All other chemicals and agents used in this study were of analytical grade and were obtained from Sigma-Aldrich (Shanghai, China).
Amino acid analysis
An amino acid analysis system for the quantication of locust protein was programmed on a Hitachi High Speed Amino Acid Analyzer Model 835-50. A ninhydrin post-column detecting system with a Hitachi 2619-F column (2.6 Â 150 mm) was programmed. Areas of amino acid standards were used to calculate quantity of each amino acid in samples with the amino acid composition of protein. 20 
Isolation and identication of the locust peptide
All extraction and separation procedures were carried out at 4 C. The locusts were minced to a homogenate and defatted as follow. The homogenate and iso-propanol were mixed in a ratio of 1 : 7 (w/v) and stirred uninterrupted for 3 h at room temperature. The iso-propanol was replaced every 0.5 h. The supernatant was removed, and the sediment was freeze-dried and stored at À20 C.
The defatted precipitate (10 g) was dissolved (5%, w/v) in 0.2 M phosphate buffer solution (PBS, pH 7.2) then a KQ-250B ultrasonic cleaner (Shanghai, China) with straight probe and continuous pulse was used to ultrasound for 2 h. Aer centrifugation (13 000 Â g, 10 min), the supernatant was collected as total protein and then was fractionated by salting-out with increasing concentrations of ammonium sulfate, and the resulting supernatant was freeze-dried and stored at À20 C for further analysis.
2.3.1 Fractionation by ultraltration. The total protein was fractionated using ultraltration with 2 kDa molecular weight (MW) cut off membranes (Millipore, Hangzhou, China). Two fractions, LP-a (MW < 2 kDa) and LP-b (MW > 2 kDa), were collected and lyophilized.
Hydrophobic chromatography: the LP-a was dissolved in 1.40 M (NH 4 ) 2 SO 4 prepared with 30 mM phosphate buffer (pH 7.5) and loaded onto a Phenyl Sepharose CL-4B hydrophobic chromatography column (2.0 cm Â 100 cm) which had previously been equilibrated with the above buffer. A stepwise elution was carried out with decreasing concentrations of (NH 4 ) 2 SO 4 (1.40, 0.70 and 0 M) dissolved in 30 mM phosphate buffer (pH 7.5) at a ow rate of 2.0 mL min À1 . Each fraction was collected at a volume of 100 mL and was monitored at 280 nm. Five fractions were lyophilized and anti-aging activity in N2 nematodes was detected. The fraction having the strongest antiaging activity was collected and prepared for anion-exchange chromatography.
2.3.2 Anion-exchange chromatography of LP-a-II. The LPa-II solution (3 mL, 114.0 mg mL À1 ) was loaded into a DEAE-52 cellulose (Yuanju, Shanghai, China) anion-exchange column (2.5 Â 120 cm) pre-equilibrated with deionized water and was stepwise eluted with 1600 mL distilled water, 0.10, 0.70, and 1.40 M (NH 4 ) 2 SO 4 solutions at a ow rate of 2.5 mL min À1 . Each eluted fraction (100 mL) was collected and detected at 280 nm. Seven fractions (LP-a-II-I $ LP-a-II-VII) were lyophilized and anti-aging activity in N2 nematodes was detected. The fraction having the strongest anti-aging activity was collected and prepared for gel ltration chromatography.
2.3.3
Gel ltration chromatography of LP-a-II-IV. The LP-a-II-IV solution (2 mL, 23.5 mg mL À1 ) was fractionated on a Sephadex G-25 (Sigma-Aldrich, Shanghai, China) column (2.5 Â 120 cm) at a ow rate of 2.0 mL min À1 . Each eluate (80 mL) was collected and monitored at 280 nm, and four fractions (LPa-II-IV-I $ LP-a-II-IV-IV) were collected and anti-aging activity in N2 nematodes was detected. The fraction having the strongest anti-aging activity was collected and prepared for Reversed Phase-High Performance Liquid Chromatography (RP-HPLC).
2.3.4 Isolation peptides from LP-a-II-IV-IV by RP-HPLC. LPa-II-IV-IV was nally separated by RP-HPLC (Agilent 1100 HPLC) on a Zorbax, SB C-18 column (4.6 Â 250 mm, 5 mm). The elution solvent system was composed of water-triuoroacetic acid (solvent A; 100 : 0.1, v/v) and methanol-triuoroacetic acid (solvent B; 100 : 0.1, v/v). The peptides were separated using a gradient elution from 20% to 70% of solvent B for 50 min at a ow rate of 1.0 mL min À1 . Detection wavelength was set at 280 nm. Here, the retention time of the LP-1 is 35 min. (The retention times for the other LPs are not list in the current study).
2.3.5 Amino acid sequence analysis by HPLC-Q-TOF and solid phase synthesis. Prior to HPLC-Q-TOF-MS analysis, the freeze-dried peptide was rehydrated with 1.0 mL of Milli-Q water. Before being used, the water was boiled for 5 min and then cooled to 4 C. The rehydrated solution was stored at À20 C until analysis.
HPLC-Q-TOF-MS was carried out on a SCIEX X500R Q-TOF mass spectrometer (Framingham, U.S.A.). And the MS conditions were as follows: ESI-MS analysis was performed using a SCIEX X500R Q-TOF mass spectrometer equipped with an ESI source. The mass range was set at m/z 50-1500. The Q-TOF MS data were acquired in positive mode and conditions of MS analysis were as follows: CAD gas ow-rate, 7 L min À1 ; drying gas temperature, 550 C; ion spray voltage, 5500 V; declustering potential, 80 V. Soware generated data le: SCIEX OS 1.0.
Aer the amino acid sequences of the peptides were determined, the peptides were synthesized using a high-efficiency solid-phase peptide synthesizer (Protein Technologies, Inc., Tucson, AZ, U.S.A.) in Chen's lab (Jinan University, Guangzhou, China). 20 The purity of the synthesized peptides were veried by HPLC and the purity $ 99%. The synthesized peptide was stored at À20 C until use.
Nematode strains and maintenance
Bristol N2 and the transgenic strains of mev-1 (TK22), and daf-16 (CF1038) and age-1 (hx546) were also obtained from the Caenorhabditis Genetics Center. Nematodes were maintained at 20 C on plates containing Nematode Growth Medium (NGM) seeded with a live Escherichia coli strain OP50 as the food source according to the general procedures. 21 2.5 Life span and stress resistance assays 2.5.1 Life span assay. 8 gravid adult nematodes were placed on NGM plates and seeded with E. coli strain OP50 and allowed to lay eggs for approximate 6 h to obtain a synchronous population. Aer 6 h, the nematodes were removed and the plates were placed back at 20 C until the progeny reached L4 larvae. On day 0 of the experiment, the L4 larvae nematodes were transferred to 35 mm NGM plates containing either no locust peptides or the appropriate doses of dissolved locust peptides. Nematodes were counted daily with gentle touch. The nematodes that failed to move were scored as dead. Nematodes that exhibited bagging, exploded or crawled off the plates were censored. All experiments, except for heat shock treatment were performed at 20 C. 22 All trials were repeated at least 3 times. Triplicate plates were used with N $ 100 nematodes per group.
2.5.2 Heat stress assay. Heat stress assays were performed at 35 C using 3-day-old adult nematodes. The nematodes were treated on plates containing 0 (control), LP-1 0.10, 0.50 and 2.50 mg mL À1 for 3 days and then transferred to an incubator set to 35 C. The number of dead nematodes was recorded every hour until approximately 50% of the controls had died. 23 Plates were removed from the incubator and scored for survival.
2.5.3 Oxidative stress assay. Oxidative stress was assessed at 20 C using 3-day old adult nematodes. The nematodes were incubated on treatment plates with 0 (control), LP-1 0.10, 0.50 and 2.50 mg mL À1 for 3 days and transferred to prepared NGM/ OP50 plates, containing 1.0 mM paraquat and scored every day. 24 2.5.4 UV irradiation. In the UV irradiation experiment, the nematodes were incubated on treatment plates with 0 (control), LP-1 0.10, 0.50 and 2.50 mg mL À1 for 3 days and transferred to bacteria-free NGM plates on day 4 and UV-irradiated at 1000 J m À2 with a UV Stratalinker for 30 seconds (Stratagene, La Jolla, CA, USA). Aer UV irradiation, nematodes were transferred back to the standard NGM/OP50 plates and monitored daily for survival rates. 25 2.6 Intracellular ROS, motility and brood size assays 2.6.1 ROS measurement. Intracellular ROS were measured with H 2 DCF-DA as the molecular probe. The 3-day old adult nematodes were incubated with 0 (control), LP-1 0.10, 0.50 and 2.50 mg mL À1 for 3 days and then transferred to freshly prepared NGM/OP50 plates, containing 1.0 mM paraquat for 4 h, then pick up all the nematodes and wash with PBS for three times and detect the ROS level. 26 Triplicate plates were used N $ 1000 nematodes per group.
2.6.2 Motility. Nematodes were treated as described Life span assay. On days 8, 11, 15 and 17 of adulthood, nematodes were visualized. Motility classes were determined using the method reported before. I class: nematodes move spontaneously and smoothly, leaving sinusoidal and symmetric tracks; III class: nematodes only move the head or tail when prodded with a so wire; II class: nematodes represent every behavioral class in between I and III. 27 N $ 50 nematodes per group.
2.6.3 Brood size. Nematodes were grown on NGM/OP50 plates until the late larval stage, L4, and transferred to the control plate or plates with LP-1, one nematode per plate per concentration, with n ¼ 8 nematodes per group. Nematodes were then transferred every 1 day to the fresh control or LP-1 plates until egg production had ceased. 28 The total number of progeny that grew up from each nematode was counted, and the number of progeny for each concentration was averaged.
Lipofuscin
Nematodes were treated as described Life span assay, and on day 11, mounted onto 2% agarose pads and immobilized in 20 mM sodium azide. Slides were visualized using the Leica DM6000B Microscope (Bannock burn, USA) (excitation 450/ 490 nm, emission 510 nm). 29 Image quantication of uorescence intensity was checked by tracing the nematode's intestine and determining mean pixel intensity.
Quantitative real-time PCR
Nematodes were treated as described ROS measurement. Total RNA was extracted with Trizol reagent (Invitrogen), and cDNA was produced by oligo (dT) priming. The RT-PCR primers were list in Table 1 . mRNA expression was performed with the method reported before. The gene expression data were analyzed using the comparative 2 ÀDDC T method, taking Actin-1 mRNA as the normalizer. 30 
Statistical analysis
The mean lifespan and survival data were analyzed with SPSS 18 (Chicago, USA) Kaplan-Meier Survival function and log-rank test. N: total number of nematodes in each individual experiment. p values were calculated for individual experiments, each consisting of control and experimental nematodes as the same time. All the other analyses were done using Graphpad Prism 5 (San Diego, USA). Lipofuscin accumulation was analyzed using one-way ANOVA. All values are expressed as mean AE SEM (n ¼ 3). p < 0.05 was considered to be statistically signicant.
Results
Amino acid analysis
The result of essential amino acid contents in locust are summarized in the Tables 2 and 3 . The essential amino acid compositions of locust protein are compared to those of the FAO/WHO reference pattern. 31 Locust protein contains various amino acid compositions in which the content of human essential amino acids (45.6%) is more preferable than (compared to) FAO/WHO standard (35.0%). Contents of isoleucine, tyrosine, lysine and tryptophan are higher than FAO/ WHO standard. Isoleucine, tyrosine, lysine and tryptophan are important biological constituents of numerous proteins in animals and plants, which are essential amino acid in human and animal diets. 32 These results indicate that locust provides sufficient amount of the essential amino acids required for the body to function. Therefore, locust possesses great functional value, which might be a valuable source of high quality protein.
Isolation and identication of locust peptides
The peptide is usually protonated under ESI-MS/MS conditions, and fragmentations mostly occur at the amide bonds because it is difficult to break the chemical bonds of the side chains at such low energy. Therefore, the b and y ions are the main fragment ions when the collision energy is <200 eV. 33 Aer a series of chromatographic separation and anti-aging activity detection, here, twenty-three peptides were isolated. Their structures were identied by HPLC-Q-TOF-MS analysis, and the amino acid sequences are list in Table 4 .
The molecular mass of the LP-1 was determined to be 589. Table 1 The primer sequences for RT-PCR (C. elegans)
Gene
Type Sequence daf-16 On the basis of this, we concluded that the sequence of the peptide was Thr-Phe-Lys-His-Gly (TFKHG). Furthermore, aer administering the peptides 1.0 mg mL À1 , starting at the L4 larvae stage, mean lifespan was list in Table 4 . All the peptides extend the lifespan of the N2 nematodes. Interestingly, with LP-1 treatment, the lifespan was increased by 27.7% (27.2 AE 1.56 days) compared to the control group (21.3 AE 1.44 days). LP-1 showed the best lifespan extending activity in N2 nematodes under normal culture conditions, and this is why we chose LP-1 for further experiment.
LP-1 signicantly extend the life span of N2 nematodes
The growth of the bacteria may affect the diet of the nematodes, and then affect the lifespan. 34 However, we observed that the LPs did not infect the growth cycle of the Escherichia coli strain OP50, and the minimal inhibitory concentration (MIC) values of the LPs are higher than 4.25 mg mL À1 . So, the possibility that the bacteria may have an effect on the lifespan of nematodes was ruled out (Fig. 1) .
The wild-type N2 nematodes have a mean lifespan of 14-28 days at 20 C. 10 Under our standard laboratory conditions, wildtype N2 nematodes lived an average of 25.5 AE 1.62 days (maximum of 27 days). Aer administering with LP-1 (0.10, 0.50 and 2.50 mg mL À1 ), starting at the L4 larvae stage, mean lifespan increased to 27.8 AE 2.57 days (maximum of 29 days), 28.9 AE 2.71 days (maximum of 31 days) and 31.5 AE 3.02 days (maximum of 34 days), respectively, in a statistically signicant, dose-dependent manner (p < 0.05; Table 5 , Fig. 2 ). These changes represent lifespan increases of 9.21%, 13.3% and 23.5%, respectively.
LP-1 improves motility and attenuates lipofuscin accumulation
Lipofuscin is a byproduct of lysosomal degradation that accumulates with age in most organisms, including nematodes. 35 Wild-type N2 nematodes treated with LP-1 as experimental design. As expected, lipofuscin content in LP-1 treated groups was signicantly less than the control group. N2 nematodes treated with LP-1 decreased about 18.7%, 27.9%, 36.6% compared with the control group (p < 0.05, Fig. 3 ).
Next, we examined whether the increase in lifespan was accompanied by an overall improvement in health and vitality. The decline in motility on day 8 was delayed signicantly in nematodes treated with the samples (Fig. 4A) . On day 11, most nematodes in the groups continued to move spontaneously, but there was a gentle difference in spontaneous (class I) motility among the control and treatment groups (p < 0.05; Fig. 4B ). By day 11, nematodes treated with LP-1 2.50 mg mL À1 had significantly (p < 0.05) more high-motility (class I) individuals (56.2%) than the control group (45.1%). By day 15, the dose-dependent effects on motility were clearly evident ( Fig. 4C) , such that 87.4% of the control group would barely move their heads with a gentle touch (class III), while 19.1% of the LP-1 2.50 mg mL À1 treatment group still moved spontaneously (class I).
We continued to follow the nematodes that remained alive to day 17; interestingly, treatment groups still displayed highly signicant dose-dependent differences in motility while most of the control nematodes had died (p < 0.01, data not shown).
LP-1 decreases the intracellular ROS level and does not affect brood size
The free radical theory of aging hypothesized that free radical species caused deterioration of cells and organism. Oxidants are involved in many human diseases and aging processes. In chronic damage associated with the development of ageing, destructive oxidants and oxygen free radicals can be generated, which are very toxic to tissues and may result in further tissue necrosis and cellular damage. The antioxidants constitute a major cell defense against acute oxygen toxicity and protect membrane components against damage caused by free radicals. 36, 37 Does LP-1 enhance the stress resistance of nematodes a All values are expressed as mean AE SEM (n ¼ 3).
Fig. 2
Effect of LP-1 on the lifespan of nematodes. Young adult N2 nematodes (N $ 100 each group) were treated with 0 (control), LP-1 0.10, 0.50 and 2.50 mg mL À1 . Survival was monitored starting on day 1. The experiment was repeated at least 3 times. Fig. 3 Effect of LP-1 on lipofuscin accumulation. Nematodes were treated with: LP-1 0 (control); LP-1 0.10 mg mL À1 (LP-1-0.1); LP-1 0.50 mg mL À1 (LP-1-0.5); LP-1 2.50 mg mL À1 (LP-1-2.5), and on day 11, mounted onto 2% agarose pads and immobilized in 20 mM sodium azide. The lipofuscin accumulation was measured using fluorescence microscope, and the results were presented above. Lipofuscin was quantitated by Graphpad. Bars with * are significantly different (*p < 0.05, **p < 0.01). under stress to prolong its longevity by removing ROS? To explore how LP-1 could enhance the stress resistance of nematodes under environmental stress, the free radical scavenging abilities of LP-1 were evaluated in the experiment. The ROS levels were detected in paraquat (1.0 mM) treated wild-type N2 nematodes. As shown in Fig. 5A , the ROS level was increased by 432%, compared to the control groups. Interestingly, with 0.10, 0.50 and 2.50 mg mL À1 LP-1 treatments, the ROS levels were reduced by 24.1%, 40.8% and 62.9%, respectively ( Fig. 5A ). Therefore, we conclude that LP-1 is a versatile free radical scavenger in vivo.
An increase in lifespan is oen correlated with a decrease in reproductive capacity. 38 To test whether the LP-1 adversely affect reproductive capacity, we measured brood sizes of N2 nematodes under LP-1 treatments. Results showed that there were no signicant differences between LP-1 treated groups and the control groups (Fig. 5B ).
LP-1 enhances the stress resistance of nematodes under stress conditions
Studies demonstrated that increased lifespan oen correlates with increased anti-oxidant stress resistance. 39 We treated adult N2 nematodes with LP-1 for three days, and examined their response to a variety of fatal stressors, including oxidative stress, heat shock and UV radiation.
To test the antioxidant capability of LP-1 in vivo, we put nematodes on NGM plates containing 1.0 mM paraquat. While control nematodes survived an average of 5.53 AE 0.65 days (maximum of 8 days), those treated with LP-1 0.10, 0.50 and 2.50 mg mL À1 survived for an average of 6.76 AE 0.64 (maximum of 9 days), 7.84 AE 0.92 (maximum of 11 days), and 8.83 AE 0.82 days (maximum of 13 days), respectively. These represented statistically signicant increases in mean life span of 22.2%, 41.7% and 59.7% over the control (p < 0.05; Table 6 and Fig. 6A) . Interestingly, the lifespan of TK22 and CF1038 under 2.50 mg mL À1 LP-1 treatments were down-regulated. We speculated that the excessive enzymatic hydrolysates of LP-1 may induce the injury damage to nematodes.
Nematodes were placed in a 35 C heat shock chamber and monitored until approximately half of the wild-type N2 controls had died (10.2 hours). At that time, 53.6%, 58.4% and 62.8% of LP-1 0.10, 0.50 and 2.50 mg mL À1 treated nematodes were still alive. Nematodes that have a mutation in age-1, the PI3 kinase, are more resistant to heat stress, were used as a negative control and survived at a 80.5% rate; daf-16 nematodes, which are more sensitive to heat stress, were used as a positive control and had a 35.8% survival rate (p < 0.05; Fig. 6B ). Post-irradiation survival time for N2 nematodes treated with LP-1 0.10, 0.50 and 2.50 mg mL À1 was increased by 9.10%, 23.7% and 40.6%, respectively. age-1 nematodes, which are also more resistant to UV stress than N2, were used as a negative control and survived 45.8% longer than the N2 controls. daf-16 nematodes, which are more sensitive to UV stress than N2 nematodes, were used as a positive control and survived 29.0% less than the N2 controls (p < 0.05; Table 7 and Fig. 6C ).
Apparently, LP-1 could enhance the stress-resistance of nematodes under heat stress, UV irradiation, and especially under oxidative stress, suggesting that LP-1 might obtain this effect by scavenging free radicals.
LP-1 regulates the aging associated gene expressions
To explore the possible mechanism of LP-1 extending the C. elegans lifespan, we tested the effects on mutant nematodes, which are short-lived due to the oxidative stress. Results listed in Table 6 , the LP-1 failed to extend the life span of TK22 and CF1038 nematodes, indicating that endogenous signaling pathways rather than the anti-oxidative activity alone are required to promote lifespan.
The transcription factors of the FOXO family play a central role in regulating diverse traits, such as metabolics, stress resistance or longevity in nematodes. In the C. elegans, the best studied member of these transcription factors is DAF-16, which is one of the central targets of the insulin-like signaling cascade, characterised by the insulin-like receptor DAF-2. 15 In nematodes, activation of DAF-2, the nematodes homolog of IGF-1 receptor, recruits and activates the phosphoinositide 3-kinase/protein kinase B signaling cascade, which in turn results in phosphorylation of DAF-16. 29 DAF-16 activity is further modulated by the MAPK c-Jun N-terminal kinase-1 (JNK-1). Once in the nucleus, the heat-shock-factor-1 (HSF-1) acts together with DAF-16 to activate expression of stress-response genes, such as genes encoding small heat shock proteins, which enhance stress resistance and longevity in nematodes. Additionally, the p38 mitogen-activated protein kinase (PMK-1), a parallel pathway to DAF-16, also contributes to longevity of nematodes. 23 We then focused on the insulin/insulin-like growth factor-1 (IGF1) signaling pathway, in which the translocation of the FOXO transcription factor DAF-16 into the nucleus is believed to modulate stress response and longevity of the nematodes. Due to the important role of DAF-16 in this pathway, we assessed the effects of the LP-1 on the life span of a mutant CF1038 strain, which lacks of daf-16. As a result, LP-1 failed to extend the life span of this mutant ( Table 6 ). Taken together with the results on the N2 and TK22 nematodes, our data clearly suggest that signaling pathways are denitely required to promote longevity, and DAF-16 is indispensable for the life span-extending effects of the LP-1.
To investigate the possible underlying mechanisms of LP-1 extending C. elegans lifespan, we performed quantitative realtime PCR experiments to assess the expression of daf-2, age-1, akt-1, daf-16, sod-3, jnk-1, hsf-1 and pmk-1. As seen in Fig. 7 , LP-1 can signicantly up-regulate the expression of daf-16, whereas the expression of age-1, akt-1, daf-2 and sod-3 remained unchanged. The result indicates that the LP-1 promotes the longevity of C. elegans via modulation of DAF-16. Intriguingly, it was observed that LP-1 signicantly up-regulated the expression of jnk-1. In addition, LP-1 also signicantly up-regulate the expression of hsf-1 which cooperates with DAF-16 in regulating stress-response genes. Furthermore, we found that the expression of pmk-1 was not changed aer LP-1 treatment. Collectively, our results suggest that the LP-1 may promote the C. elegans lifespan and stress resistance through a JNK-1-DAF16 pathway. This result suggests that the LP-1 are apparently taken up and exhibit in vivo antioxidant activities to reduce the burden of oxidative stress.
Discussion
Natural products represent an extraordinary source of novel chemical entities for potential anti-aging agents. Furthermore, studies showed that natural products performed excellent activities in delaying age-related decline and extending lifespan of the nematodes. 40, 41 Here, we reported that the antioxidant peptides isolated from Locusta migratoria manilensis (Meyen, 1835) possess promising anti-aging activities observed in C. elegans, a widely used model animal in aging research. To our knowledge, this is the rst report describing the anti-aging effects of locust peptides in C. elegans, adding a novel source to the anti-aging natural products. We found that the locust peptides can signicantly increase the lifespan of the wild type N2 nematodes under normal culture conditions at concentrations of 1.0 mg mL À1 (Table 4 ). Particularly, LP-1, a pentapeptide, exhibited the strongest longevity-promoting effect. At the concentration of 2.50 mg mL À1 , LP-1 signicantly extended the mean lifespan of C. elegans by 23.5%.
Numerous studies have shown that longevity-promoting activity of natural products is correlated to their antioxidant activities. 41 Interestingly, the LP-1 show potent in vivo antioxidant potentials in C. elegans. We found that the LP-1 signicantly decreased endogenous ROS levels in the N2 nematodes ( Fig. 5A) , indicating that the LP-1 is indeed in vivo antioxidants in C. elegans. More intriguingly, the LP-1 were able to markedly increase the lifespan of C. elegans under oxidative stress induced by the strong pro-oxidant paraquat (Fig. 6A) , suggesting that LP-1 protects the C. elegans from severe oxidative stress. Hormesis mechanisms have been found in lifespan extension and stress resistance of C. elegans upon treatments with some natural compounds. 41, 42 As such, we speculate that the protective effects of the LP-1 in C. elegans under oxidative stress are likely due to stress hormesis, in which endogenous antioxidant response pathways are activated by treatment of antioxidant natural products. However, we observed that LP-1 failed to extend the mean life span of TK22 and CF1038 mutant C. elegans (Table  6) , which are short-lived due to a high endogenous oxidative ux. This nding highly suggests that endogenous signaling pathways other than only direct antioxidant mechanism are involved in the life span extension of C. elegans induced by the LP-1.
To further explore the underlying mechanism of action of the LP-1, we rstly focused on the IIS pathway, which is a pivotal longevity-regulating pathway conserved in both C. elegans and mammals. In C. elegans the major longevity promoting transcription factor DAF-16 is a central player in the IIS pathway. In contrast to the effects observed in N2 C. elegans, LP-1 failed to extend the life span of the mutant strain lacking DAF-16, implying that the LP-1 extend life span of C. elegans through a mechanism that is mediated by DAF-16. The nuclear translocation of DAF-16 is a key step in the IIS pathway, as it regulates the transcription of a number of longevity-and stress tolerance-associated genes. 15, 22 However, we did not observe alterations of expression of daf-2, age-1 and akt-1 which are key upstream elements of IIS pathway in the C. elegans treated by the LP-1. It suggests that IIS pathway may not contribute to the longevity promotion effect of LP-1. In addition, by using quantitative RT-PCR we found that the transcriptional level of the daf-16 in N2 C. elegans can be markedly upregulated by LP-1 about 1.99-fold, suggesting that DAF-16 may be involved in the action of the LP-1. Furthermore, the RT-PCR results showed that LP-1 strongly up-regulate the expression of jnk-1, thus suggesting that the anti-aging activity of LP-1 is possibly mediated by the jnk-1 signaling pathway.
It is reported that HSF-1 not only cooperates with DAF-16 to activate target genes but also itself can promote longevity in C. elegans. 23 We found that LP-1 signicantly up-regulated the expression of hsf-1, which indicted that hsf-1 is also involved in the longevity extension effect of LP-1. Considering the observation that LP-1 promotes the hsf-1 expression, it is possible that heat shock proteins (such as hsp-16.2) that are under the regulation of DAF-16 or HSF-1 may play a role in the stress resistance and longevity promotion of C. elegans treated by the LP-1.
Conclusion
In the present study, we have shown for the rst time that peptide isolated from locust for potential anti-aging properties. Our data have clearly shown promising anti-aging activities of these peptides, thus adding a new functional bio-activity to this insect. Within this study, we could identify locust peptides as powerful longevity-promoting antioxidants that are worthy to be further evaluated for anti-aging applications in other animal systems. Furthermore, the locust peptides are interesting not only for their potent antioxidant activities to increase the nematode's resistance to fatal stress, but also for their efficacy to regulate the longevity-promoting transcription factor DAF-16 through the JNK-1 pathway. Due to the complexity and interactions of pathways involved in the regulation of aging, other mechanisms that possibly contribute to the anti-aging effects of the locust peptides cannot be excluded. We believe that further evaluations of the anti-aging potentials of the locust peptides would be worthy.
